Introduction {#Sec1}
============

Ventilator-induced lung injury (VILI) is associated with a high rate of mortality and has an important social impact \[[@CR1]\]. Mechanical ventilation (MV) is the only known effective method to support patients' lives during general anesthesia and is the cornerstone therapy for acute lung injury (ALI) or acute respiratory distress syndrome (ARDS). The mechanisms implicated in VILI include high inspiratory volumes ("volutrauma"), mechanical stress-induced inflammation ("biotrauma") and cyclical airway collapse and reopening \[[@CR2]\]. As early as 1988, Dreyfuss et al. \[[@CR3]\] reported novel data demonstrating to the critical care community that MV with large tidal volume is injurious, coining the term "volutrauma." This terminology proved useful as it emphasizes that peak lung volume and tidal volume are better surrogates for lung stress than peak airway pressure, plateau airway pressure or airway pressure swings.

Emerging evidence suggests a role for antioxidant and oxidant imbalance in the exacerbation of lung injury and inflammation caused by various injurious insults, including MV \[[@CR4]--[@CR7]\]. The production of high levels of reactive oxygen species (ROS) generally leads to oxidative stress. ROS act both as a direct cell toxin and as a secondary messenger that modulates intracellular signaling, causing activation of a cascade of inflammation, neutrophil infiltration and cytokine production, while simultaneously causing apoptosis by activating c-JunN-terminal kinase (JNK). The induction of cytoprotective antioxidant enzymes in response to injurious insults or stressful stimuli is critical in the cellular detoxification of ROS and in the maintenance of cellular redox homeostasis. Specific biological defense systems, including catalase, superoxide dismutase and glutathione (GSH), exist in the lung to counteract oxidative stress \[[@CR8]\]. These enzymes are regulated by the transcription factor nuclear factor (erythroid-derived 2)-like (Nrf2) and a number of speed-limited synthetic enzymes. Nrf2 regulates cellular redox status via the antioxidant response element, and genetic disruption of this transcription factor enhances the susceptibility of various experimental murine models to pro-oxidant-induced lung diseases. These effects are primarily due to decreased levels of the basal and inducible expression of several critical antioxidant enzymes, including the glutamate-cysteine ligase catalytic subunit (GCLc), glutamate cysteine ligase modifier subunit (GCLm) and sulfiredoxin-1 (Srx1) \[[@CR9]\].

Recent in vitro studies have shown that a cyclic stretch similar to that associated with conventional high tidal volume MV generates ROS and a redox imbalance in lung epithelial and endothelial cells. However, the exact relevance of redox imbalance to the onset of MV-induced lung injury in vivo remains unclear. Based on these observations, we hypothesized that redox imbalance caused by conventional MV might relate to the tidal volume, which in turn might promote and/or perpetuate the pathogenesis of VILI. To test our hypothesis, we evaluated lung oxidant stress and antioxidant response changes under different tidal volumes during MV.

Methods {#Sec2}
=======

Reagents {#Sec3}
--------

Forty-eight Wistar rats were fed a normal diet, provided with water ad libitum and housed under controlled conditions (25 ± 2 °C; 12-h light:dark periods). All experimental animal protocols were performed in accordance with guidelines approved by the Animal Care and Use Committee of Zhengzhou University, Henan, China. The experiments were approved by the Committee on Animal Experimentation of Zhengzhou University, Henan, China.

Mechanical ventilation {#Sec4}
----------------------

Exposure to MV was performed as previously described \[[@CR10]\]. Briefly, 8-week-old male rats were anesthetized intraperitoneally with 10 % chloral hydrate (3 ml per kg body weight), and a supplemental anesthetic was provided regularly at approximately 1 ml/kg per hour as maintenance during the experimental period. Rectal temperatures were continuously monitored and maintained at 37 ± 1 °C by a recirculating heating blanket (ALC-HTP; Alcott Biotech Co. Ltd., Shanghai, China), and the heart rate was monitored via a lead II electrocardiograph. A pulse oximeter (Radical; Masimo, Irvine, CA) was placed on a shaved foreleg. A midline incision of the neck was performed to expose the trachea to facilitate endotracheal intubation with a 16-gauge, 10-cm-long catheter. The right carotid artery was exposed and cannulated for invasive blood pressure monitoring, and a tail vein was cannulated with an intravenous cannula (24G) for fluid infusion and anesthetic administration. The rats were randomly divided into three ventilation (treatment) groups, with 12 rats in each group. The rats in groups C1, C2 and C3 were subjected to MV (Inspira ASV; Harvard Apparatus, Holliston, MA) for 2 h with a tidal volume of 8, 30 or 42 ml/kg, respectively. The tidal volumes and the duration of ventilation were based on the results of pilot experiments which demonstrated that these conditions caused VILI in rats with reproducible alterations in lung mechanics and inflammation. The respiratory rates for each group were selected to achieve normal values for end-tidal carbon dioxide (E~T~CO~2~) (BeneView T5; Mindray Medical Int. Ltd., Shenzhen, China) (maintained between 35--45 mm Hg) based on the preliminary experiments. The control group (C) consisted of sham-operated, anesthetized and spontaneously breathing rats. The MV rats were ventilated with room air. Each animal was euthanized by exsanguination under anesthesia, disconnected from the ventilator, and then a thoracotomy was performed. The heart--lung block was removed. The lung was harvested and frozen immediately at −80 °C.

Malondialdehyde measurement {#Sec5}
---------------------------

Malondialdehyde (MDA) level is an indicator of increased oxidant stress level. Consequently, MDA measurement has been used as a method to test lipid peroxidation because polyunsaturated fatty acid peroxides generate MDA upon decomposition. The right middle lobe of each harvested lung was assayed for MDA as follows. The frozen tissue samples were homogenized in 200 μl of phosphate buffer containing 4 μl of butylated hydroxytoluene, and the crude homogenate was centrifuged at 4,000 rpm for 10 min at 4 °C. The protein concentration in the supernatant was measured using a bicinchoninic acid (BCA) assay (Pierce Biotechnology Ltd., Rockford, IL). MDA was measured in the supernatant using a commercial kit (NanJing JianCheng Bioengineering Institute, Nanjing, China) and normalized to the protein concentration. The MDA levels in the lung tissue were calculated from the standard curve and expressed as nanomoles per milligram protein.

Western blot analysis {#Sec6}
---------------------

The right posterior lobe tissues of each harvest lung were homogenized, and the protein concentration of the cytosolic fraction of each sample was estimated using the BCA reagent (Pierce) and then stored at −80 °C. Western blot analyses of Nrf2, GCLm and Srx1were performed, as previously described \[[@CR11]\]. Briefly, 50 μg of total protein was separated by sodium dodecyl sulfate--polyacrylamide gel electrophoresis on 15 % gels and transferred to polyvinylidene difluoride (PVDF) membranes by semidry blotting. The PVDF membranes were blocked with 2 % nonfat milk. Detection was accomplished by incubation with polyclonal rabbit anti-Nrf2 antibody (1:500), polyclonal goat anti-GCLm antibody (1:200), polyclonal goat anti-Srx1 antibody (1:200) or β-actin (1:1000) followed by incubation with horseradish peroxidase-conjugated secondary antibodies. The blots were developed using an enhanced chemiluminescence (ECL) detection system. The absolute values for each protein were normalized to β-actin expression. All antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Reverse transcription-PCR {#Sec7}
-------------------------

The left lung tissues of each harvested lung were immediately processed for total RNA isolation using TRIzol reagent (LifeTechnologies, Grand Island, NY). The mRNA levels of genes encoding rat Nrf2, Gclm, Srx1 and β-actin in the lungs of the rats (*n* = 3--4 per group) were quantified in triplicate using TaqMan gene expression assays according to the supplier's recommendations. The absolute values for each gene were normalized to β-actin expression.

Statistical analysis {#Sec8}
--------------------

All data from the animal experiments were collected in a double-blind fashion. The data are expressed as the mean ± standard deviation. Analysis of variance was used to compare means of multiple groups. Multiple comparison between the groups was performed using the Dunnet method. Statistical significance was defined as *P* \< 0.05.

Results {#Sec9}
=======

Forty-eight Wistar rats were included in the study and divided into one of four groups \[1 control (C) and 3 treatment (C1, C2, C3) groups; *n* =12/group\]. All rats survived the experimental procedures.

Systemic and biologic response to MV {#Sec10}
------------------------------------

Heart rate, systolic blood pressure (SBP) and colonic (body) temperature were maintained relatively constant during the MV protocols (ranges: heart rate 300--420 bpm; SBP 92--130 mmHg; temperature 37--38 °C). Importantly, there were no significant differences among the experimental groups for any of these parameters. The pulse oxygen saturation of blood (SPO~2~) and CO~2~ (E~T~CO~2~) were also maintained at relatively constant levels during MV. Specifically, SPO~2~ ranged from 91 to 100 %, whereas E~T~CO~2~ ranged from 35 to 45 mmHg. In addition, at the completion of the MV protocols, there were no visual abnormalities of the lungs or thoracic cavity, no evidence of lung infarction and no evidence of infection, indicating that our aseptic surgical technique was successful.

Oxidative stress increased with increasing MV tidal volumes {#Sec11}
-----------------------------------------------------------

To determine whether the oxidative stress increased as a function of the MV tidal volume, we measured the level of MDA in the lung tissue homogenates. MDA is a general indicator of lipid peroxidation and is commonly used to measure oxidative stress. Figure [1](#Fig1){ref-type="fig"} shows that all three treatment (MV) groups had higher levels of MDA than control group C (8.18 ± 1.97 nmol/mg protein); this difference between group C and groups C1, C2 and C3 was significant at *P* \< 0.05. MDA levels were highest in group C3 (32.11 ± 5.10 nmol/mg of protein), followed by group C2 (22.00 ± 5.81 nmol/mg of protein) and by group C1 (12.25 ± 3.96 nmol/mg of protein) (all *P* \< 0.05).Fig. 1The levels of lung malondialdehyde (MDA) in the four groups of experimental rats. Mechanical ventilation (MV) at three different tidal volumes differentially affected lung oxidative stress responses in the rats.*C1*,*C2*,*C3* Groups of rats (treatment) ventilated for 2 h with tidal volumes of 8, 30 and 42 ml/kg, respectively,*C* control group (no MV). The level of oxidative stress in lung tissue was measured MDA level. The MDA level was higher in group C1 than in group C (\**P* \< 0.05), higher in group C2 than in group C1 (^\#^ *P* \< 0.05) and higher in group C3 than group C2 (\*\**P* \< 0.05)

Antioxidant enzymes increased as a function of increased MV tidal volumes {#Sec12}
-------------------------------------------------------------------------

To determine whether the levels of antioxidant enzymes in the lungs of the rats were associated with increased MV tidal volumes, we evaluated the levels of Nrf2, GCLm and SrX1 by reverse transcription-PCR and Western blot analysis. Nrf2, GCLm and SrX1 mRNA levels were upregulated significantly in the lungs of rats subjected to MV with tidal volumes of 30 or 42 ml/kg. The mRNA levels of group C3 were higher than those of group C2, and those of group C2 were higher than those of group C1 (C3 \> C2 \> C1; all *P* \< 0.05). However, the mRNA levels of Nrf2, GCLm and SrX1 in the rats ventilated at 8 mg/kg were not significantly different from those of the controls (Fig. [2](#Fig2){ref-type="fig"}). Western blot analysis of the lung proteins showed that the protein levels of Nrf2, GCLm and Srx1 in the lungs were significantly increased when the rats were subjected to MV with tidal volumes of 30 or 42 ml/kg for 2 h. Moreover, the protein levels of Nrf2, GCLm and Srx1 were higher in group C3 than in group C2 (*P* \< 0.05) and higher in group C2 than in group C1 (C3 \> C2 \> C1) (all *P* \< 0.05). No significant differences between group C1 and group C were observed (Fig. [2](#Fig2){ref-type="fig"}). Specifically, there were no significant differences between the animals receiving MV with the 8 mg/kg tidal volume and the controls for any of the lung antioxidant proteins.Fig. 2The lung antioxidant response in the ventilated rats. The lung antioxidant response was induced in rats subjected to the different MV tidal volumes.**a1**,**a2** The expression level of the housekeeping gene β-actin was used to normalize expression of the three candidate genes: nuclear factor (erythroid-derived 2)-like (*Nrf2*), glutamate cysteine ligase modifier subunit (*GCLm*) and sulfiredoxin-1(*Srx1*).**b1**,**b2** The level of the housekeeping protein β-actin was used to normalize the levels of the three candidate proteins: Nrf2, GCLm and SrX1. The results are given as the mean ± standard deviation. \**P* \< 0.05. The expression of all three genes and proteins was higher in group C2 than group C1 (*P* \< 0.05) and higher in group C3 than group C2 (^\#^ *P* \< 0.05) (C3 \> C2 \> C1). There were no significant differences between the levels of these biomarkers in group C1 and group C (*P* \> 0.05)

Discussion {#Sec13}
==========

Our results demonstrate that the level of oxidative stress, quantified as MDA, in MV groups correlated with the tidal volume. The antioxidant protein levels increased following MV with tidal volumes of 30 and 42 ml/kg. MV is often a necessary treatment for respiratory failure and is a supportive measure in critically ill patients. It is well-known that MV with high volume or pressure may be harmful, causing damage to previously healthy lungs or exacerbating injury in those already damaged. MV with low tidal volume is a lung protective strategy that has been shown to diminish the damage induced by MV in experimental models of ALI/ARDS and to decrease mortality in patients with ALI/ARDS compared with the use of higher tidal volumes. However, some patients develop VILI despite low-volume MV. The mechanisms responsible for the VILI are complex \[[@CR12]\], but oxidative stress and inflammation mediator (e.g. interleukin-6) play key roles in the pathogenesis of VILI \[[@CR10]\]. In our study, MV tidal volume as low as 8 ml/kg increased MDA levels compared to those of the control group. This result is consistent with those reported previously, which suggested that oxidative stress contributes to VILI \[[@CR13], [@CR14]\]. The expression of the antioxidant proteins Nrf2, GCLm and SrX1 in lung tissue of the ventilated rat lungs was also upregulated in parallel with increasing tidal volumes.

MV can provoke oxidative stress and an inflammatory response and subsequently cause VILI \[[@CR15]\]. During MV, there are many potential oxidant-producing sources, including leukocytes, parenchymal cells, prooxidant enzymes, as well as the high oxygen concentration in the gases inhaled during MV. Neutrophils release free radicals, which contribute to maintaining the inflammation and inducing a prooxidant state that exceeds the antioxidative defense mechanisms. The tidal volumes used in our study were selected on the basis of earlier studies. We found that the level of MDA in the group subjected to the 8 ml/kg tidal volume (C1) increased by nearly 50 % compared to that of control group, in the 30 ml/kg group (C2), the level of this indicator increased by approximately 80 % compared to that of the 8 ml/kg group and in the 42 ml/kg group (C3) it increased by more than 45 % compared to the 30 ml/kg group. These results demonstrate that oxidative stress increases rapidly as a function of the increased MV tidal volumes.

Nrf2 regulates the expression of several antioxidant genes, including those involved in two major redox systems, namely, the GSH and thioredoxin systems, and has been demonstrated to be a key factor in antioxidant responses \[[@CR16], [@CR17]\]. GSH, a major cellular antioxidant, is the central component of the glutathione system. The rate-limiting enzyme in the synthesis of GSH is glutamate cysteine ligase (GCL), formerly called γ-glutamylcysteine synthetase (γ-GCS). GCL is a heterodimer composed of catalytic (GCLc) and regulatory (GCLm) subunits. GCLc possesses all of the catalytic activity and is the site of GSH feedback inhibition. Current evidence suggests that GCLc is responsible for the constitutive synthesis of GSH, while the association of GCLc with GCLm is required to overcome feedback inhibition by GSH when a higher rate of synthesis is required, as may occur during stress \[[@CR18]\]. Thus, GCLm is critical for the biosynthesis of GSH \[[@CR19]\]. Thioredoxin acts as an antioxidant by controlling cellular redox balance. In this context, thioredoxin promotes cell growth, inhibits apoptosis, modulates inflammation and prevents human immunodeficiency virus replication \[[@CR20]\]. Srx1 is associated with the thioredoxin system. Sulfiredoxin catalyzes the reduction of the sulfinic form of peroxiredoxin (Prx) to the sulfenic acid form, thus restoring the functional cysteine residues and activity of Prx enzymes \[[@CR21], [@CR22]\]. Srx1 was the first protein identified as a mediator of the removal of a GSH moiety from proteins, a process also known as deglutathionylation \[[@CR17], [@CR23]\]. We found that both the gene transcription and protein expression of Nrf2, GClm and SrX1 were upregulated in the rats ventilated with tidal volumes of 30 and 42 ml/kg, respectively. The antioxidant enzyme expression was greater in the MV group subjected to the 42 ml/kg tidal volume than in the group subjected to the 30 ml/kg procedure (C3 \> C2), but no significant difference was found between the rats subjected to the 8 ml/kg MV (C1) and the control group ©). These results for upregulation of antioxidant enzymes and oxidative stress differed between group C1 and C. It is possible that the antioxidant response is induced by excessive oxidant stress. Alternatively, the antioxidant capacity may be sufficient to maintain homeostasis under the conditions of the 8 ml/kg tidal volume MV but that greater tidal volumes induce the upregulation of the antioxidant response. Another possibility is that the antioxidant may appear as a cascade response when the tidal volume increased.

Oxidative stress involved in cellular signaling includes the activation of major signaling pathways, including the MAPK, PI3 K/Akt, NFκB, ERK, JNK and p53 pathways. The fundamental question regarding the role of antioxidant processes in the pathogenesis of VILI is whether the process is beneficial or adverse. The answer is clear: "it depends." Currently, there are no pharmacological treatments that can act synergistically with protective MV strategies to minimize or prevent VILI. The optimal strategy is to maintain the balance of oxidant stress and antioxidants and avoid high tidal volume during the MV unless high volume ventilation is absolutely necessary.

This study had a number of limitations, the high tidal volume in the treatment groups exceeded clinical application. We also did not monitor airway pressure, which may introduce an inaccuracy in all groups. However, we did demonstrate that oxidative stress and antioxidant enzymes in the lungs of rats were related to the MV tidal volume: specifically, the larger the tidal volume, the more severe the oxidative stress and antioxidant response.
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